An agitated circular turbulent jet with a coaxial annular synthetic jet actuator is investigated experimentally. The mean and turbulent velocities are measured by a hot-wire anemometer at a jet Reynolds number of 6400. The measured iso-velocity contour maps indicate that the width of the circular jet is increased even when the intensity of the alternating flow is too weak to generate a synthetic jet. This can be attributed to the periodic disturbances by the actuator, which agitates the instability in the initial shear layer and displaces the shear layer growth upstream. With a strong agitation so as to generate a strong synthetic jet by itself, the agitated jet has the higher velocity and the larger width than those of unagitated jet. With this agitation, the momentum of the agitated jet is increased and its increment is equal to the momentum of the synthetic jet. Smoke visualization shows clearly that the actuator enhances the dispersion of primary jet fluids. These results are compared with those of a jet at a low Reynolds number of 3100 and it is found that the mixing enhancement is qualitatively same for both Reynolds numbers, but the weak agitation is more effective in the low Reynolds number jet.
Introduction
Enhancement of mixing in jets is important in many industrial applications. For examples, in gas burners, the mixing enhancement can improve thermal efficiency, emissions and combustion stability. The mixing in jets is inherently intense due to the high intensity of turbulence, however, as the Reynolds number is reduced, the mixing in the near region of the nozzle decreases due to the delayed development of initial shear layers. Therefore, there is a great need for mixing agitation devices for small-scale equipments such as combustors in micro gas turbines.
In recent years, a synthetic jet actuator has been shown to be a useful tool for flow control, especially separation control (1) (2) and flow vectoring (3) . A synthetic jet actuator known also as a zero net-mass-flux actuator produces an alternating flow through a slot or an orifice. This alternating flow with high frequency can generate a mean jet flow named "a synthetic jet", in a sense being synthesized from the surrounding fluids. One of the distinct attributes of synthetic jet actuators is that they do not require a fluid source. The synthetic jet actuators can be attractive for mixing enhancements as well. The actuators generate unsteady fluctuations and mean jet flows, so they can agitate the fluid mixing. Davis and Glezer (4) showed that synthetic jet actuators enhance the mixing in a circular jet. They employed nine arc actuators around a jet nozzle to agitate azimuthal instability of axisymmetric shear layers. However, this multi-actuator device may be too complicated for practical use. One of the authors (5) used an annular synthetic jet actuator around a jet pipe and showed that the actuator increases the mixing in a circular jet at a low Reynolds number of 3100. However, the effect on the agitation at other Reynolds numbers is not clear. In this study, an annular synthetic jet actuator is applied for a circular turbulent jet at a Reynolds number of 6400. A primary jet is issued from a long pipe and an annular synthetic jet actuator is attached around the pipe. The advantages of this annular synthetic jet actuator are: it is a simple shape to manufacture, requires no fluid sources and it is controllable by the driving voltage and frequency. The agitated jet flow field is examined for various levels of excitation and compared with the previous study done at a relatively low Reynolds number.
Nomenclature d
Jet nozzle diameter d 0. 5 Half width (diameter) of jet d 1 Inner diameter of annular slot d 2 Outer Figure 1 shows a schematic view of a jet nozzle with an annular synthetic jet actuator. Figure 1 (a) is a cross section of the actuator. The primary jet issues from a long straight pipe of 472mm in length. This pipe is made of brass and its inner and outer diameters are d = 10.0mm and d 1 = 12.0mm, respectively. An annular synthetic jet actuator is built around the jet pipe. The synthetic jet actuator consists of a coaxial annular slot, an enclosed cavity and a piezoelectric actuator. The annular slot is a gap between the jet pipe and an orifice plate of 0.85mm in thickness. The inner and outer diameters of the annular slot are d 1 = 12.0mm and d 2 = 16.0mm, respectively. The area ratio of the annular slot to the jet nozzle is 1.12. The main size of this actuator is the double of the previous study (5) .
(a) Side view (b) Front view The piezoelectric actuator (Murata 7NB-31R2-1) consists of a circular piezoceramic patch bonded to a thin iron-nickel diaphragm of which diameter and thickness are 31.2mm and 0.1mm, respectively. This piezoelectric diaphragm is driven by AC voltage and causes the fluid displacement into and out of the cavity, and consequently generates an alternating flow in the annular slot. This actuator has two resonance frequencies; one is near 800Hz for resonance of piezoelectric diaphragm and the other is 1000Hz for Helmholtz resonance of the cavity. The primary jet air is supplied by a fan and measured by a mass flow meter to estimate the exit velocity U.
The streamwise velocities of the jet are measured by a hot-wire anemometer. The velocity signals are sampled by a 16 bit AD converter at 10 kHz for 3.2 sec duration.
Experimental conditions
The average velocity of the primary jet was fixed at U = 10.0m/s. The Reynolds number is Re = Ud/ν = 6400. The mean and turbulent velocity profiles at the nozzle exit are presented in Fig.2 . The velocity at the center of nozzle exit is 0 m u =13.0m/s. The measured mean velocity has a turbulent pipe flow profile and is close to the 1/7th power profile.
The excitation frequency of the actuator was fixed at f s = 800Hz. The Strouhal number of this excitation is St = f s d/ 0 m u = 0.615. However, Koso and Kinoshita (6) showed that a change in the excitation frequency from 600Hz to 1kHz has no significant effect on the mixing in the jet. The excitation level of the synthetic jet actuator is represented by an rms velocity u s ' 2 u ≡ of the alternating flow at the middle point in the annular slot, where the time-mean velocity over a cycle is zero. The rms velocity was measured by a hot-wire anemometer. Since a hot-wire probe cannot detect a flow reversal, a hot-wire anemometer in the alternating flow provides the instantaneous rectified velocity |u|. Thus an rms velocity u s ' is derived simply from u s '= 2 u using the measured |u|. In alternating flows, a hot-wire anemometer can provide the rms velocity 2 u precisely but not the mean velocity u . The excitation levels studied are u s '=1.39, 4.17 and 15.2 m/s, and the drive power consumptions of the actuator are 77.5, 376 and 750 mW, respectively.
Results and Discussion

Synthetic jet formation
Before studying the agitation effect on the primary jet, the characteristics of the synthetic jet actuator were examined.
It has been known that an alternating net-zero-mass-flux flow through a slot produces a synthetic jet, in the case where the amplitude of the alternating flow is larger than a critical value. In that case, a pair of rollup vortices is generated at the edge of the slot during the blowing phase of a cycle and moves away from the slot by the self-induced velocity of the vortex pair, so that the vortex pair is not pulled back into the slot during the suction phase of a cycle. These vortex pairs accumulate outside the slot and induce a mean jet flow. The jet formation for twodimensional and circular actuators were discussed by Utturkar et al. (7) and they described that synthetic jets are formed when the stroke length of the alternating flow exceeds a critical value. As for an annular configuration, Travnicek and Tesar (8) studied the annular synthetic jets with and without an impingement wall, however the jet formation criterion was not presented. Figure 3 shows the mean velocities induced by the annular synthetic jet actuator for various excitation levels at f s = 1 kHz. The velocities were measured at 30mm distance from the actuator. The mean flow is observed at the excitation level above u s '= 8.4m/s, thus the critical excitation level of this actuator is u s '= 8.4m/s and consequently the critical stroke length for the jet formation is L c = ( 2 /π)( u' s / f s ) = 3.8mm. Figure 4 shows an example of velocity profiles of a synthetic jet without a primary jet. The actuator was driven at an excitation level of u s '= 15.2m/s and an excitation frequency of f s = 800Hz. This stroke length is L = 8.6mm. The mean velocity profiles of the synthetic jet in Fig. 4(a) are similar to those of a circular jet at x > 20mm. The velocities just outside of the annular slot are not presented here because the velocities with instantaneous reverse flows cannot be measured precisely by a hot-wire anemometer. However, it can be inferred that an annular jet is formed just outside the annular slot and then converges to a circular jet.
The synthesized jet shows the decay in the velocity and the growth in the jet width as observed for a circular jet. The turbulent velocity profiles in Fig. 4(b) have two peeks as observed for a circular jet. The turbulence intensity in the far downstream of x=100mm is u'/ m u = 0.24 and this value is similar to that of a circular jet. Therefore, it is concluded that the annular synthetic jet has the same velocity field as a circular jet in the downstream region. Figure 5 shows an iso-velocity contour map for the time-averaged velocity of the jet with and without agitation. These velocity maps are drawn using measured velocities in 231 grid points that have 11 points in x direction and 21 points in y direction. The value on the iso-velocity line is the velocity in m/s. (Fig. 5(b) ) spreads somewhat larger than the unagitated jet and the jet width starts to grow from x =5mm (x/d = 0.5). The velocity pattern in Fig. 5 (b) almost coincides with that in Fig. 5(a) , provided the pattern of the unagitated jet is shifted to upstream by 5 to 7 mm. This excitation results in a stroke length of L = 0.8mm, thus no synthetic jets are generated. Therefore, this change can be attributed to the shifting of the starting point of the shear layer growth to upstream, which is caused by the enhanced instability in the initial shear layer by the periodic disturbances of the alternating flow. Figure 5 (c) shows an agitated jet with the excitation level of u s '= 4.17m/s. Though this excitation level is three times larger than that in Fig. 5(b) , the stroke length is L = 2.3mm, thus no synthetic jets are generated as well. The map of Fig. 5(c) is shifted to upstream by 3 to 4 mm from the map of Fig. 5(b) . It can be explained that the larger excitation displaces the starting point of the shear layer growth upstream further. Fig. 6(a) . The turbulent velocity maps of u s '=1.39 and 4.17 m/s coincide nearly with that of the unagitated jet, provided the map of the unagitated jet is shifted to upstream. The turbulent velocities agitated with u s '= 15.2m/s are remarkably larger than those of other jets. As a whole, the changes in the turbulent velocity maps correspond well with the changes in the average velocity maps. Figure 7 shows the change in maximum velocity m u along the jet axis. The red symbols represent the present study at Re = 6400 and the blue symbols represent the experiments at Re = 3100 by Koso (5) .
Mean flow field of agitated jets
Maximum velocity and jet width
The experiments at Re = 3100 were carried out with a smaller apparatus. The diameter of the primary jet pipe was d = 5 mm which is half of the present nozzle. The diameters of the annular slot were also half of the present actuator. The velocity of the primary jet was U = 9.93m/s and the excitation frequency was f s = 1 kHz. In this experiment, the primary jet pipe was 15.2d long and too short to have a developed turbulent pipe flow, but the turbulent intensity at the center of nozzle exit was u'/ 0 m u =0.049, which is similar to that at Re=6400. The excitation level of u s '/U = 0.434 generates no synthetic jets, but the excitation level of u s '/U = 1.41 generates a strong synthetic jet by itself. Therefore, the two excitation levels of u s '/U = 0.434 and 1.41 at Re = 3100 are comparable to the excitation levels of u s '/U = 0.417 and 1.52 at Re = 6400, respectively.
At Re = 6400, the maximum velocity of the unagitated jet remains unchanged up to x/d = 3, thereafter it starts to decay. The agitated jet with the weak agitation of u s '/U = 0.417 decays faster than the unagitated jet. That decay curve is shifted to upstream by 0.8d and this shifting of the decay curve can be attributed to the enhanced instability in the initial shear layer of the jet. The strong agitation of u s '/U = 1.52 increases the flow velocity.
At Re = 3100, the agitated jet with the weak agitation of u s '/U = 0.434 decays faster than the unagitated jet as observed at Re = 6400. The decay curve is shifted to upstream by 2.2d and this shift distance is remarkably larger than that of Re = 6400. The agitated jet with the strong agitation of u s '/U = 1.41 decays faster than the unagitated jet in contrast with Re = 6400.
The dashed line represents an unagitated jet at Re = 51000 by Boguslawski and Popiel (9) where a turbulent jet issued from a long pipe. The maximum velocity at Re=51000 starts to decay at further downstream location than at Re=6400 and 3100, and this indicates the decay curve of jets depends on the Reynolds number and the initial condition of the jets. Figure 8 shows the jet width d 0.5 , which is defined as a diameter where the velocity is half of the maximum velocity. At Re = 6400, the width of the unagitated jet equals the nozzle diameter for a while and starts to grow at x/d = 3. The agitated jet with the weak agitation of u s '/U = 0.417 spreads larger than the unagitated jet. This change in the jet width can be associated with the change in the maximum velocity by assuming the weak agitation makes no change to the momentum of the jet. The agitated jet with the strong agitation of u s '/U = 1.52 spreads much larger than the other jet.
At Re = 3100, the agitated jet with the weak agitation of u s '/U = 0.434 spreads larger than the unagitated jet as observed at Re = 6400, but the increase in the jet width is much larger than that at Re = 6400. It suggests that weak agitation is more effective for a low Reynolds number jet where the mixing in near field is small. Fig. 7 Decay of maximum velocity on jet axis. Fig. 8 Growth of half-width of the jet.
With the strong agitation of u s '/U = 1.41, the jet width spreads much wider than those of other jets at Re = 3100 and Re=6400. The jet width of an unagitated jet at Re = 51000 (dashed line) spreads slower than other unagitated jets and this is related with the delayed decay of the velocity.
With the strong agitation, both the width and the velocity of the jet are increased at Re=6400, however at Re=3100, the velocity is decreased with remarkable increase in the jet width as compared with the unagitated jets. This difference can be explained by the difference in the shift distance of the starting point of jet growth, which can depend on the Reynolds number and the initial condition of jets.
Momentum of agitated jet
To examine the effect of excitation on the jet momentum, the momentum flux M was calculated by integrating the measured velocities, such as; (1) The calculated momentum had no significant changes in the downstream direction. The momentums of unagitated jet at Re = 6400 and 3100 were M 0 = 11 and 3.1 mN, respectively. Table 1 shows the momentums of agitated jets (M) normalized by the momentum of unagitated jet (M 0 ). It also includes the momentums of synthetic jets (M s ) which are measured without the primary jet. The momentums of agitated jets are nearly the same as unagitated jet, when the agitations are weak and do not generate a synthetic jet by itself. With the strong agitation, the momentums of the agitated jets are increased and their increments are nearly equal to those of the synthetic jets. Therefore the agitated jet has a combined momentum of the primary jet and the synthetic jet. Figure 9 shows the change in the turbulent velocity u 0 ' on the jet axis at Re = 6400 and 3100. The turbulent velocities are normalized by the maximum mean velocities 0 m u at nozzle exit. At Re = 6400, the turbulent velocity of the unagitated jet reaches maximum around x/d = 6. The turbulent velocity of the weakly agitated jet has nearly the same change as the unagitated jet but shifted to upstream slightly, as shown in the mean distributions. However, the strongly agitated jet has very high turbulent velocity near the nozzle and this increase can be induced by a strong alternating flow from the synthetic jet actuator. The strong agitation produces higher turbulence even in the downstream and this can be attributed to the increased momentum of the jet.
Turbulent velocity on jet axis
At Re = 3100, the turbulent velocity of the unagitated jet has similar changes with the unagitated jet at Re = 6400. However, with the weak agitation, the turbulent velocity
increases in the near field and this corresponds to the shifting of the jet growth starting point to upstream. The strongly agitated jet near the nozzle has much larger turbulent velocity, as observed at Re= 6400.
The turbulent velocity of the unagitated jet at Re=51000 has smaller intensity than that of other unagitated jets, which indicates that the development of jet is delayed as observed in the mean velocity distributions.
Visualization of primary jet fluids
Smoke visualization was performed to observe the dispersion of the primary jet fluids. The 0.8 µm DOP aerosol particles are generated by atomizers developed by Liu and Lee (10) and mixed into the primary jet fluids. These particles are expected to follow the fluid motion up to 11 kHz (11) and have enough fidelity to the agitated turbulent flows. The pictures are taken by a digital camera with an exposure time of 33ms. Figure 10 shows the visualized primary jet with and without agitation at Re = 6510. These pictures cover a 10d downstream area from the nozzle. The width of the smoke jet without agitation in Fig. 10(a) remains unchanged for a while before it grows as observed in the velocity map in Fig.4 . The smoke jet with the weak agitation in Fig. 10(b) starts to spread just after the jet issues. The smoke jet with the strong agitation in Fig. 10 (c) expands suddenly at a short distance from the nozzle, which can be caused by the vortices emitted from the synthetic jet actuator.
These pictures indicate clearly the enhanced mixing of primary jet fluids by the synthetic jet actuator.
Concluding Remarks
The effect of an annular synthetic jet actuator on the turbulent flowfield of a circular jet is investigated at a jet Reynolds number of 6400.
Two distinct patterns/mechanisms of the agitation are observed. One is the weak agitation; that is the agitation by weak alternating flow, which does not generate a synthetic jet by itself. With this agitation, the jet velocity distributions are displaced upstream and consequently the width of the jet is increased. This spread is accompanied by the decrease of velocity along the jet axis due to the conservation of jet momentum. This enhanced mixing is attributed to the periodic disturbances by the actuator, which agitates the instability in the initial shear layer and displaces the shear layer growth upstream. This agitation is more effective in a low Reynolds number jet where the mixing in near field is small. Another is the strong agitation; that is the agitation by strong alternating flow, which generates a strong synthetic jet by itself. With this agitation, the momentum of the jet is increased and its increment is nearly equal to the momentum of the synthetic jet. Both the width and the velocity of the jet are increased in contrast with a previous lower Reynolds number jet where the velocity is decreased with remarkable increase in the jet width. The smoke visualization revealed that the primary jet fluid expands suddenly at a short distance from the nozzle, which can be caused by the vortices emitted from the synthetic jet actuator.
